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The main drawbacks of rare earth intermetallic magnets are their low Curie temperature 
(Tc) and magnetic anisotropies. Many efforts have been made to improve these properties 
of R2Fe17 permanent magnets by doping metals and non-metals atom for Fe or inserting 
interstitials atoms in R2Fe17 lattice.  In the present work, the effect of substitution of non-
magnetic atom, Zr for Fe in Dy2Fe17-xZrx and Dy2Fe16Ga1-xZrx and magnetic atoms in 
Gd2Fe16Ga0.5TM0.5 (TM = Cr, Mn, Co, Ni, Cu, Zn) are studied. The structural and 
magnetic properties of these compounds have been studied via x-ray diffraction, vibrating 
sample magnetometer (VSM) and 57Fe Mössbauer Spectroscopy. An increase in unit cell 
volume with the increase in Zr content is observed in Dy2Fe17-xZrx and Dy2Fe16Ga1-xZrx 
but no systematic variation in the unit cell volume is observed with transition metal 
doping. The Curie temperature (Tc) of Dy2Fe17-xZrx and Dy2Fe16Ga1-xZrx reaches a 
maximum value of 510K at x = 0.75 and 505.1 K at x = 0.5 Zr substitution respectively. 
These observed values of Tc in Dy2Fe16.25Zr0.75 and Dy2Fe16Ga0.5Zr0.5 are 102 K and 97 K 
higher than their Dy2Fe17 (Tc = 408 K) . This improvement in Tc is attributed to 
improved Fe-Fe exchange interaction due to unit cell volume expansion. The achieved 
Curie temperatures of transition metal doped intermetallic are also better than Gd2Fe17 
and Gd2Fe16Ga1. The magnetization value of Dy2Fe17-xZrx and Dy2Fe16Ga1-xZrx decreased 
at the rate of 10.99 emu/gm and 9.244 emu/gm per Zr atom respectively. The difference 
in magnetization values between Zr and Ga-Zr doped samples may be attributed to the 
variation in d-electron density and magnetovolume effect. The room temperature 
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Mössbauer analysis showed decrease in average hyperfine field and increase in isomer 
shift with Zr doping for Dy2Fe17-xZrx and Dy2Fe16Ga1-xZrx. But the variation in average 
hyperfine field in Gd2Fe16Ga0.5TM0.5 was observed to depend on the magnetic nature of 
TM element and the unit cell volume. However isomer shift showed continuous increase 
with the increase increase in atomic number of TM atoms.  
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CHAPTER 1  
INTRODUCTION 
1.1 Magnetism  
Magnet is a material that produces magnetic field and consequently attracts other 
magnetic substances within the field. More than 2000 years ago, Chinese navigators were 
the first to use the magnetic materials as compass [1]. The definition of magnet was still 
incomplete when quantum mechanics explained orbital and spin motion of electrons to 
define magnetism.  After that, many more studies have been made to improve the quality 
of magnet. In an industrial revolution of 19th century, the improvement on magnets 
subsequently led to the discovery of the Faraday’s law. With continuous advancement on 
magnets, there has been considerable progress on the exploration of man made permanent 
magnets with better magnetic properties. 
1.2 Permanent Magnet 
Materials that can be magnetized and are strongly attracted to the magnets are 
called the ferromagnetic materials or ferrimagnetic materials. The ferromagnetic 
materials which can be permanently magnetized and can create own persistent magnetic 
fields are called permanent magnets. The ferromagnetic materials can be classified into 
two sub categories. soft ferromagnetic and hard ferromagnetic materials. The soft 
ferromagnetic materials are characterized by a lower value of coercivity (Hc) ˂10 Oe and 
larger value of saturation magnetization (Ms) ˃100 emu/gm. Because of the low value of 
Hc, these soft ferromagnetic materials can be magnetized and demagnetized easily as 
their domain wall can easily migrate. On the other hand, the hard ferromagnetic materials 
which are commonly known as permanent magnets have higher value of coercivity 
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(˃3500 Oe) and also desired to have high value of saturation magnetization. SmCo5, 
Nd2Fe14B, Al-Ni-Co are widely used hard ferromagnetic materials. 
Permanent magnet should possess two different properties. Firstly, they should 
retain the magnetization when the external magnetizing field is removed. Secondly, they 
should have demagnetizing force due to a reverse magnetic field. Remenant 
magnetization (Mr) and coercivity (Hc) are the main parameters to express these 
properties. (BH)max is called the energy product which measures the storage and usable 
magnetic flux density and is roughly proportional to the rectangular area under second 
quadrant of the hysteresis loop. The quality of hard magnetic materials is the measure of 
energy product (BH)max [1]. The earliest application of permanent magnet was the needle 
of a magnetic compass, while these permanent magnets are extensively used in various 
fields these days. They are used to make the electro-mechanical machine and devices like 
electric motors, electro-mechanical actuators, measuring instruments, electric current 
control devices etc. They are also useful for the acoustic transducers like sound 
generators, sound receivers, audio frequency transducers etc. Microwave/MM-wave 
devices and electron ion beam control devices are made by using the permanent magnets. 
For instance, the use of permanent magnets in power tubes, waveguide devices, particle 
accelerators, mass spectrometers etc. has considerable importance. They are highly used 
in the hospitals mainly for NMR imaging devices, surgical clamps, mechanical 
prostheses etc. [2]. The reduction of size of the instruments with better performance 
requires continuous focus on the permanent magnets. The comparisons of soft and hard 
magnetic materials are better understood as shown in Fig. 1.1. Sometimes, magnet with 
high Hc has disadvantages because they are difficult to magnetize. So, the intermediate 
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materials have great importance. For this, most of the works have been done to make the 




 Fig. 1.1.  Hysteresis loops (a) soft magnetic materials (b) hard magnetic materials. 
 
 
1.3 Types of permanent magnets 
The earliest form of magnet was the loadstone (also called “armed”) where soft 
irons were attached to concentrate the flux. Later, high carbon steel magnets obtained by 
quenching were used as compass needles for centuries. According to the Magnetic 
Materials Processing Association (MMPA), the permanent magnets are classified into 









1.3.1 Ceramic magnet 
Ceramic magnets are largely made up of iron oxide and are commonly called 
ferrites. The general formula for such type of magnet is MFe12O19 (M denotes for Ba, Sr, 
Pb) [3]. These types of magnets have high coercive force, resistance to corrosion and 
high heat tolerance. The energy product of these magnets is ~3.5 MGOe (Mega Gauss 
Oersted) [3]. They are relatively cheap and commonly available as compared to the other 
types of permanent magnets. So, these types of ceramic magnets are mostly used 
nowadays. The drawbacks of ceramic magnets are they have low energy product or 
strength, low mechanical strength and the presence of ferrite powder on the surface of the 
materials which can rub off and damage its surface. 
1.3.2 Alnico magnets 
The magnets which are made up of an alloy of aluminum (Al), Nickel (Ni), and 
cobalt (Co) with small amount of other elements like silicon (Si), niobium (Nb), 
zirconium (Zr) etc. added to enhance the properties of the magnets are called Alnico 
magnets. The development of alnico began in 1931 A.D. when T. Mishima in Japan 
discovered that an alloy of iron, nickel, and aluminum had a coercivity of 400 Oe, double 
that of the best steel magnet of the time [4]. These types of magnets have good 
temperature stability, good resistance to corrosion but are easily demagnetized by shock. 
Moreover, they have higher energy products (BH)max up to 5.5 MGOe [3]. Still they have 
drawbacks like higher cost, low coercive force and low energy product. Mostly these are 
useful for light weight electric motors, generators, electro-mechanical actuators etc. [2]. 
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1.3.3 Rare Earth Transition metals Magnets 
The rare earth transition metals magnets are formed when 3d-transition metals 
(TM) are alloyed with 4f-transition rare-earth elements (RE) like Sm, Nd, Dy, Gd, Pr, Ce 
etc. [2]. These intermetallic compounds have high Curie temperature above the room 
temperature. Further addition of B, C, Si, Ti, Ga etc. with these binary intermetallic 
compounds makes the rare earth magnets more strong. R-TM intermetallic were 
discovered in 1966 when K. J. Strnat and G. Hoffer of the U.S. Air Force Materials 
Laboratory reported the YCo5 has an anisotropy constant of 5.5×10
7 ergs/cm3 [5]. So they 
are the newest and still growing family of hard magnetic alloys. Samarium-cobalt and 
neodymium-iron-boron magnets are the well-known magnets and widely used permanent 
magnetic materials [6]. Neodymium-iron-boron (Nd-Fe-B) magnets are the most 
advanced commercialized permanent magnets available nowadays. They have the highest 
energy products (BH)max approaching 52 MGOe and is mechanically stronger than 
Samarium-Cobalt (SmCo5) magnets with energy product ~20 MGOe [3].  
Fig. 1.2 shows the development and reduction in size of different magnets with the same 







Fig. 1.2.  History of (BH)max since 1880. 
 
 
Description of Fig.  (A). (1) Carbon steel, (2) tungsten steel, (3) cobalt steel, (4) 
MK steel, (5) “Ticonal II”, (6) “Ticonal G”, (7) Ticonal GG”, (8) Ticonal XX”, (9) 
SmCo5, (10) (SmPr)Co5, (11) SmCo7, (12) NdFeB. (B). Keeping B×ϕ and H×L constant 
(B= magnetic induction, H = Magnetic field strength, ϕ = cross section of the magnet and 
L = length of the magnet) , the volume of the magnet decreases with increasing (BH)max. 
The number in (B corresponds to the number in (A) [Xiao Qunfeng Thesis work ISBN. 
90-5776-098-3] 
1.4 Hysteresis loop 
All magnetic materials are made up of magnetic domains. A magnetic domain is a 
region with uniform magnetization and the collection of such magnetic domain aligned in 
same direction causes net magnetization of the magnets. Thus magnetic domains 
structure is responsible for the magnetic behavior of the ferromagnetic materials like Fe, 
Ni, Co etc. and their alloys and ferrites. Ferromagnetic material will not return back to 
zero magnetization once they are magnetized in one direction. In ordered to make zero 
magnetization, we must apply the field in the opposite direction. The magnetization of 
the ferromagnetic materials always lags behind the applied field which produces the 
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hysteresis loop. When an external magnetic field is applied to ferromagnetic materials 
then the atomic dipoles will align in the same direction. If this external magnetic field is 
removed, then part of alignment will be retained and the materials is said to be 
magnetized. The lack of retraceability of the magnetization curve is the property called 
hysteresis which is due to the magnetic domains in the material and is very much useful 
for the magnetic memory devices like tape recording and storage of data on computer 
disks. 
When a magnetic field H is applied to ferromagnetic materials, it develops the flux 
density B due to the spin orientation of magnetic domains. The relation between induced 
flux density B and applied field H is given by using the equation, 
                             B =µ0 (H+ M) = µ0H + J       (SI)         ……………………………..(1) 
where M is the magnetization, J is the polarization and µ0 is the permeability of free 
space equal to 4π	 × 	10(Tm/A). The loop or graph between induced B (or M) and 
applied H, as shown below in  Fig. 1.3, called hysteresis loop. The maximum value of 
magnetization where all the domains of the magnet are parallel to each other is called 
saturation magnetization (Ms) and the value of magnetization when the applied field is 
zero is called remanent magnetization (Mr). The negative magnetic field applied on the 




Fig. 1.3. Hysteresis loop of magnetic materials [ [1]. 
 
 Magnetic materials have two different types of properties (a) Intrinsic (b) 
Extrinsic magnetic properties. 
1.4.1 Intrinsic magnetic properties  
Saturation magnetization (Ms) and magneto crystalline anisotropy constant (kI) 
are primary magnetic properties of the magnet and they are related to the magnetic 
structure. Magnetocrystalline anisotropy comes in to play when magnetic moment in a 
single crystal tends to move from the easy to the hard direction. 
1.4.2 Extrinsic magnetic properties 
Remanence (Mr), Coercivity and maximum energy product (BH) max that arises 
from the microstructure are called the extrinsic magnetic properties. It depends on the 
history of the sample that includes anything depending upon the grain size. 
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1.5 Trend in permanent magnet improvement 
The loadstone is the first permanent magnet known in ancient time before 600 B.C. 
It was also called magnetite (Fe3O4). It received its classical name magnes because it was 
found in Magnesia and is said due to its abnormal properties and its attractive powers. 
The first artificial permanent magnets were designed by “touching” iron needles in a 
loadstone. In literature, several studies are found regarding the development of artificial 
permanent magnets. Later in the 17th century, the loadstone was made square ends and 
iron plates were kept in contact to increase the attractive force on iron. In 1675 A.D., 
Boyle observed the demagnetization of magnet by heating and proved that the magnetism 
was a matter of the dis-position or internal constitution of the iron, without any apparent 
change in the metal. Servingion Savery was the first man to make strong permanent 
magnets. Later, Gowin Knight (1713-1772) made powerful magnet of steel bar each 
15.0x1.0x0.5 inch size and Christie rearranged it and changed its shape into horseshoe-
pattern magnets which was used by Faraday in his famous experiment “rotation copper 
disk” in 1831. Around 1873, Jules C. Jamin (Fig. 1.4) claimed that he made the most 





Fig. 1.4. Jamin’s great permanent magnet [7]. 
(Note. The method of fitting the soft iron pole pieces is shown in the inset) 
 
 
 Modern history of permanent magnets began after 1900 when the chromium 
addition to loadstone increased the energy density by 0.3 MGOe. In 1917, Kotaro Honda 
was able to find the energy product 1 MGOe and coercive force 250 Oe by using 35% 
Co. Later in 1931, introduction of Alnico magnet made revolutionary change with the 
increase of energy product up to 9.5 MGOe and coercivity ~2 KOe. Thereafter, the 
permanent magnets are commercially available [2]. With the use of Alnico magnets, it 
was possible to replace electromagnets with the permanent magnets and their uses are 
widespread on motors, generators, loudspeakers etc. [7]. The achieved coercivity is still 
low because it comprises from shape anisotropy. Shape anisotropy is the preferential 
alignment of atomic moment in a given direction due to the shape of the magnetic 
particle. Hexagonal ferrite is the first group of ferrite whose coercive force is from 
magnetocrystalline anisotropy rather than the shape anisotropy and for SrAl4Fe8O19 it is 
reported that the coercivity ~18KOe still low saturation magnetization (Ms), remanent 








  Low cost and huge suppies of raw material are two major advantages of ferrite. 
They can be easily produced and their process is adopted for high volume as well as 
moderately high service temperature. They are very useful in electric motors, DC motors, 
battery operation in automobile etc. In order to improve all these limitations of permanent 
magnets, a new class of permanent magnet materials called ferromagnetic intermetallic 
compounds of rare earth-cobalt alloys (Sm-Co Base) have been introduced since 1970 
[2]. Since 1983, the Rare Earth-Iron alloys (RE-Fe-B base) made the drastic development 
of permanent magnets. In these types of compounds 3d-transition iron or cobalt metals 
are made alloyed with rare-earth (RE) to form rare-earth permanent magnet (REPM). 
Since the transition metals provide high magnetization and rare earth elements provide 
high uniaxial crystal anisotropy, these magnets have very good magnetic properties as 
compared to the magnets formed during early 1930. It is also found that the R2Fe17 
12 
 
permanent magnet can dissolve different elements to make the permanent magnet 
stronger. Fig. 1.5 and Fig. 1.6  clearly explain the improvement on (BH)max and 
coercivity of the permanent magnet till 2000. 
 
Fig. 1.6 . The development of permanent magnets in the 20th Century using as a measure 
the laboratory record values of a) energy product b) Coercivity [2]. 
 
1.6 Rare-earth based permanent magnet 
The elements with atomic number 57-70 along with Yttrium (Y) in the periodic 
table are called rare earth elements. The rare earth (RE) elements have their own 
important properties. They are so called because it is uncommon to find them in 
commercially viable concentrations. They lie in two categories, soft RE and hard RE, 
with varying level of uses and demand.  Among the hard rare earth elements, Nd, Eu, Tb, 
Dy and Y are very precious because their existence in the earth is on the verge of 
collapse. Fig. 1.7 explains the relative abundance of rare-earth elements with the 




Fig. 1.7. Relative abundance of elements worldwide. [8] 
 
  
Dysprosium (Dy) and Gadolinium (Gd)  
Dysprosium (Dy) and Gadolinium (Gd) are important because of their good 
physical properties. They are soft and easy to break. Dy and its compounds are highly 
susceptible to magnetization, and they are mostly used in data storage applications. They 
are equally applicable to use in laser materials and commercial lighting. They are also 
useful for nuclear reactors because of their high thermal neutron absorption cross section. 
It can also be used in Nd-Fe-B magnet to increase the coercivity of the hybrid motor 
vehicle and dosimeter for measuring ionizing radiation.  The increasing demand of Dy 
has made it more expensive as compared to the others. Fig. 1.8 explains the comparative 
prices of Dy, Nd and Sm. It is found that China is the largest producer of the permanent 
magnet in the world. About 64% of the production of permanent magnet is produced in 
14 
 
China. Compared to ferrite and alnico magnets, the rare earth based permanent magnets 




Fig. 1.8 . Price history of Dy, Sm and Nd since 2008 to 2011. [9] 
 
1.7 Crystal structure of R2Fe17 type intermetallic compound 
Iron-rich rare-earth (R) intermetallic compounds commonly denoted by R2Fe17 are 
very important permanent magnets because of their potential applications in the field of 
magnet. Though these compounds have low Curie temperature and magnetic anisotropy 
they possess the highest saturation magnetization. The intermetallic with light rare earth 
elements crystallize in rhombohedral Th2Zn17 structure (space group R3
 m) and heavy 
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molecules in the unit cell in each case. In general, R2Fe17 compounds are derived from 
the CaCu5 type structure by the ordered substitution of one third of rare-earth atoms by a 
pair (dumbbell) of Fe atoms [10]. The general structure is 3RFe5-R+2Fe = R2Fe17 [11]. 
Fig. 1.9 and Fig. 1.10 show the hexagonal and rhombohedral structure of R2Fe17 
compounds. The number of formula units on the hexagonal and rhombohedral structure 
are two and three, respectively. The double layers are stacking on hexagonal structure as 
in Fig. 1.9 and three layers are stacking on the rhombohedral structure as in Fig. 1.10.  
Rhombohedral structure has one R site (6c) and four Fe sites (6c, 9d, 18f, 18h) whereas, 




















CHAPTER 2  
LITERATURE REVIEW 
Intermetallic compounds based on rare-earth elements (R) and 3d-transition 
elements (T) are very important from the fundamental as well as technological point of 
view. They possess outstanding magnetic properties because of their high saturation 
magnetization (Ms). SmCo5 permanent magnets have excellent magnetic properties, but 
because of the slow commercialization, they cannot fulfill the demand of the permanent 
magnets in the world. In contrast of SmCo5, R2Fe17 compounds were adopted in late 
1970’s and the values of (BH)max and Hc were found to be about 26 MGOe and 15 kOe, 
respectively [3]. In spite of these properties, they have very low Curie temperature (~473 
K for Gd2Fe17 and ~300 K for Dy2Fe17) and magnetic anisotropies [13]. The comparative 
details about the study of Curie temperature for R2Fe17 intermetallic compound are shown 




Fig. 2.1. Curie temperature for different series of R-TM intermetallic compound [13]. 
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It is found from Fig. 2.1 that Gd2Fe17 intermetallic compound has the highest Curie 
temperature while Dy2Fe17 intermetallic compound has Curie temperature lower than 
Gd2Fe17 but it is higher than other R-TM intermetallic. So, they are in better focus for the 
improvement in the Curie temperature. In R2Fe17 intermetallic compounds, the R 
sublattice anisotropy originates mainly from the crystalline electric fields on the 4f orbital 
[10]. R sublattice anisotropy is smaller than the Fe sublattice anisotropy; as a result, the 
resulting anisotropy is planner. Thus, Curie temperature enhancement in R2Fe17 
intermetallic can be obtained by the following two major approaches. 
1) Substitution of Fe atoms by magnetic atoms such as (Co, Ni, Cr, Mn, Ni), non-
magnetic atoms (Al, Si, Ga) and refractory atoms (Ti, V, Mo, Nb, W, Zr ) 
2) Interstitial substitution of non-metals such as C, N and H in R2Fe17 lattice. 
The substitution of non-magnetic atoms at Fe sites have been reported to increase 
ferromagnetic coupling  which in turn increases the Curie temperature [Li et al (1993), 
Wang and Dunlap et al (1993), Yelon et al (1993), Suresh et al (1996)] and magneto-
crystalline anisotropy [Baogen Shen et al (1995) and Cheng et al (1995)]. Some of the 
significant improvements in Curie temperature of R2Fe17 with substitution of non-









Table 2.1. Tc of R2Fe17 compounds and R2Fe17-xGax. 
R2Fe17 compounds Tc K) R2Fe17-xGax compounds Tc (K) 
Ce2Fe17 238 Ce2Fe15Ga2 406 
Gd2Fe17 429 Gd2Fe16Ga1 560 
  
Gd2Fe14Ga3 601 
Dy2Fe17 370 Dy2Fe16Ga1 462 
Nd2Fe17 330 Nd2Fe16Ga1 440 
Er2Fe17 305 Er2Fe16Ga1 415 
Tm2Fe17 288 Tm2Fe16Ga1 410 
Ho2Fe17 330 Ho2Fe14Ga3 560 
Sm2Fe17 398 SM2Fe16Ga1 485 
 
 
Jun-xian Zhang et al [14] reported that introducing carbon into R2Fe17-xGaxC can 
increase the Curie temperature because of the Fe-Fe exchange coupling with increased 
Ga content. Introducing nitrogen on interstitial sites of R2Fe17Nx can also increase the 
Curie temperature due to volume expansion because of the increase in the distance of iron 
atoms and change the other magnetic properties of R2Fe17 compounds [15, 16]. It is found 
that nitrogen and carbon materials are not stable at their sintering temperatures ~800 oC.  
Table 2.2 shows the Curie temperature enhancement of R-TM intermetallic with carbon 



















Table 2.2 . Curie temperature of R2Fe17C1 and R2Fe17N1 compounds. 
R2Fe17C1 Tc (K) R2Fe17N1 Tc (K) 
Ce2Fe17C1 297 Ce2Fe17N1 700 
Pr2Fe17C1 370 Pr2Fe17N1 720 
Nd2Fe17C1 449 Nd2Fe17N1 740 
Sm2Fe17C1 552 Sm2Fe17N1 750 
Gd2Fe17C1 582 Gd2Fe17N1 740 
Tb2Fe17C1 537 Tb2Fe17N1 730 
Dy2Fe17C1 515 Dy2Fe17N1 720 
Ho2Fe17C1 504 Ho2Fe17N1 710 
Er2Fe17C1 488 Er2Fe17N1 690 
Tm2Fe17C1 498 Tm2Fe17N1 690 
Yb2Fe17C1 477 Yb2Fe17N1 675 
Lu2Fe17C1 490 Lu2Fe17N1 675 
        Y2Fe17C1 502 Ye2Fe17N1 690 
 
It is also reported that Pr2Fe17, Nd2Fe17 and Gd2Fe17 with their hydrides can also 
cause significant change in the Curie temperature and magnetic anisotropy properties [18, 
19, 20, 21]. It is found that the improvements in the magnetic properties are arising from 
the decrease of negative exchange-interaction because of the change in shape of unit cell 
volume caused by the addition or substitution of material. Betancourt et al (2003) [22] 
reported that Zr and Nb doped for Fe show moderate improvement in magnetic 
properties. It is reported that with the substitution of Cr, Nb, Ti, Zr on Pr8Fe84M2B6 (M= 
Cr, Nb, Ti, Zr), the hard magnetic properties are enhanced and the coercivity on 
Pr8Fe84Nb2B6 magnets reaches 6.5 kOe with maximum energy product of 9 MGOe [23, 
24]. The curie temperatures of Ce2Fe17 [25], Gd2Fe17 [26], Dy2Fe17 [27], Pr2Fe17 [18], 
Nd2Fe17 [28], Er2Fe17 [29], Tm2Fe17 [30], Lu2Fe17 [31, 32] , Ho2Fe17 [33], Sm2Fe17 [34] 
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are improved by the addition of smaller elements like Si, Cr, Mn and bigger elements like 
Ga.  H. Luo et al (1997) also reported that the Curie temperatures of Nb, Zr, V, Cr doped 
R2Fe17 compounds can be increased by the addition of carbide in them [35].  
Rational  
Many researches have focused on improving magnetic properties of R2Fe17 
compound as it offers high magnetization value due to the presence of 17 Fe atoms. 
However R2Fe17 compound have low Tc and low magnetic anisotropy. The substitution 
effect of Al, Ga and Si on magnetic properties of R2Fe17-xMx (M=Al, Ga, Si) is well 
documented in the literature [36, 37, 38] . The substitution of Al and Ga for Fe brings 
lattice expansion while substitution of Si for Fe brings lattice contraction [36, 37, 38]. In 
spite of the observed variation on unit cell volume, the enhancement in the Tc was 
observed and it was found that the observed Tc is independent to the substituted elements 
[36, 37, 38]. Among Al, Si and Ga, Ga substituted compounds show high Tc (For 
example Sm2Fe16Ga ~485 K [39], Dy2Fe16Ga ~462 K [27]. Furthermore, additional 
enhancement in Tc for Ga substituted R2Fe17 compounds is obtained by introducing 
carbon in R2Fe17Cx [40]. This improvement in Tc is overshadowed by a concomitant 
deterioration in saturation magnetization. Furthermore, this improvement in Tc is 
achieved at high value of doping exceeding x ˃ 5 in R2Fe17-xMx (M = Al, Ga, Si) [36, 37, 
38]. The high level of doping for Fe brings in magnetic dilution effect. The metalloid 
doped compounds such as R2Fe17Nx have high Tc but are difficult to process at high 
temperature due to dissociation of compounds. In view of above discussion,  
1. It is desired to have high Tc compounds with high Ms value. 
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2. It is desired to have stable metallic compounds which can withstand high 
temperature processing steps. 
Keeping the two facts listed above and from the literature review data, we purpose to 
study following two sets of substituted R2Fe17 intermetallic compounds, with primary 
focus of Tc enhancement.  
i) Substitution of non-magnetic Zr atom for Fe in Dy2Fe17-xZrx. Zr atom having 
atomic radius 2.06 Å which is bigger than Fe atom having atomic radius    
1.56 Å and thus it is expected to increase unit cell volume which in turn 
enhance Tc.  
ii) a)  Substitution of of Ga with non-magnetic atom Zr in Dy2Fe16Ga1-xZrx to        
understand the role of Ga in Tc enhancement.  
b) Substitution of Ga with magnetic atoms such as Cr, Mn, Co, Ni, Cu, Zn in 
Gd2Fe16Ga0.5TM0.5 to understand the role of TM metal in Tc enhancement. 
The literature describing the substitution of transition metals like Cr, Mn, Co, Ni, 
Cu, Zn etc. on R2Fe17 compounds are scarce.  
The R2Fe17 compounds with Gd and Dy are chosen because of the following reason. 
• They have high magnetocrystalline anisotropy which is good for large coercivity 
(Hc). 
• They have high Bohr magnetron number (Gd = 8 µB, and Dy = 10.63 µB) [41]. 




• From the experiment on Nd2Fe14B, it was found that the magnetic anisotropy of 
Dy2Fe14B greater than Nd2Fe14B. Thus magnetic properties can be enhanced by 
using Dy instead of Nd [42]. 
Similarly, the reasons for choosing Zr dopant on Dy2Fe17 and Dy2Fe16Ga1-xZrx and 
transition metal (TM) on Gd2Fe17 compounds are as follows. 
• Some transition elements such as Cr, and Mn etc. have shown improved solubility 
and Curie temperature Tc [35, 43]. 
• The saturation magnetization and Curie temperature and Fe hyperfine fields are 

















CHAPTER 3  
EXPERIMENTAL  
First, synthesis and characterization of Dy2Fe17-xZrx and Dy2Fe16Ga1-xZrx were 
carried out and their structural and magnetic properties were compared. Secondly, the 
effect of doping of transition metal (TM) in Gd2Fe16Ga0.5TM0.5 (TM = Cr, Mn, Co, Ni, 
Cu, Zn) were carried out, and its structural and magnetic properties were studied.  
3.1 Objectives  
1. To synthesis non-magnetic atom doped Dy2Fe17-xZrx and Dy2Fe16Ga1-xZrx   intermetallic 
alloys. 
2. To synthesis magnetic atom doped Gd2Fe16Ga0.5TM0.5 (TM = Cr, Mn, Co, Ni, Cu,      
Zn)  
3. To develop understanding on the role of non-magnetic and magnetic in governing the 
magnetic properties and Tc of alloys. 
In order to meet the above objectives the following samples were synthesized. 
a) Dy2Fe17-xZrx (x =  0.00, 0.25, 0.50, 0.75, 1.00) 
b) Dy2Fe16Ga1-xZrx (x =  0.00, 0.25, 0.50, 0.75, 1.00)  
c) Gd2Fe16Ga0.5TM0.5 (TM = Cr, Mn, Co, Ni, Cu, Zn)  
3.2 Synthesis  
The samples Dy2Fe17-xZrx and Dy2Fe16Ga1-xZrx (x = 0.00, 0.25, 0.50, 0.75, 1.00) and 
Gd2Fe16Ga0.5TM0.5 (TM = Cr, Mn, Co, Ni, Cu, Zn) were prepared via arc melting in a 
high purity argon atmosphere. The elements used were ~99.9% purity and bought from 
Sigma Aldrich. Extra 5% Dy and Gd were added to compensate for the evaporation loss 
during melting. In order to make the good homogeneous alloy, the ingots were re-melted 
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for 3-4 times. Thus prepared alloy was then made into fine powder. The structural and 
phase properties of powdered alloy were studied using x-ray powder diffraction (XRD) 
with Cu Kα radiation using x-ray diffractometer. The powder samples were pressed into 
hydraulic press at 7000 Psi. The magnetic properties were studied using vibrating sample 
magnetometer (VSM) in the field 1.2 T. The room temperature saturation magnetization 
was obtained from fitting the experimental data of M vs. H curves. The values of the 
Curie temperature were derived from the temperature dependence of magnetization M 
(emu/gm) vs. temperature. 57Fe Mössbauer spectra were collected at room temperature 
(RT) with a 25 mCi 57Co Rh source with line width 0.25mm/sec. The spectrometer was 
calibrated at RT with α-Fe foil. 
3.3 Sample Characterization 
3.3.1 X-ray diffraction (XRD)  
X-ray diffraction is the technique to determine the atomic and molecular structure 
of a crystal. It is well developed and reliable technique to perform the analysis of 
structures and phases. In the present study, x-ray diffractometer with Cu-Kα radiation 
(wavelength, λ=1.54056 Å) was used for the determination of crystal structure and phase 
of the samples. The powder samples were placed on a zero background (Si) sample 
holder. Diffraction patterns were collected from 20o-70o with a scan speed of 0.02 
degree/step and acquisition time of ~ 0.048sec. The XRD patterns of the samples were 
matched with ICCD data. 























d hkl …………………………… (2) 
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where ‘h’, ‘k’ and ‘l’ are the miller indices of a plane. The lattice parameters were also 
extracted from the Rietveld refinement technique [44]. 
3.3.2 Vibrating Sample Magnetometer (VSM)  
The saturation magnetization moment (Ms) and remenance (Mr) of the 
intermetallic were measured by using the vibrating sample magnetometer (VSM) in a 
maximum 12 kOe magnetic field. Furthermore, the Curie temperature measurement at 
5000 Oe was performed.  
3.3.3 Mössbauer Spectroscopy    
Mössbauer spectroscopy is the advance technology based on the quantum 
mechanical “Mössbauer effect” and provides unique measurements of electronic, 
magnetic and structural properties within materials [45]. It is also useful for quantitative 
phase analyses or determination of concentration of resonant elements in different phases 
even for the amorphous solids.   It needs the recoil-free, resonant absorption and emission 
of gamma rays. Mössbauer spectra give quantitative information on “hyperfine 
interaction,” where electron around a nucleus perturbs the energies of nuclear states. 
Hyperfine interaction causes very small perturbation of 10-9 to 10-7 eV in the energies 
range of Mössbauer gamma rays [46]. Fig. 3.1 shows the emission of gamma rays and 
decay of 57Fe from its parent 57Co. Only around 10% of the excited 57Fe nuclei emit a 
14.4 keV gamma rays through the magnetic dipole transition from the metastable I =3/2 




Fig. 3.1. Energy level scheme of 57Co. Mössbauer spectroscopy involves the 14.4 keV 
transition and intensities are given in % of decays. 
 
The schematic diagram to collect the Mössbauer spectra for the intermetallic is 
shown in Fig. 3.2. The spectra were plotted with WMOSS software after calibrated the 
spectrometer by α-Fe. The hyperfine field (Bhf), isomer shift (δ or IS), and quadrupole 
splitting ( or QS) and percentage of area occupied by the different sites were extracted 






Fig. 3.2. Schematic diagram of Mössbauer spectrometer [45]. 
Hyperfine interaction happens because of the interaction between Mössbauer 
nucleus and its surrounding environment and brings the change in the energy levels 
basically by three main interactions. the isomer shift, the electric quadrupole splitting, 
and the hyperfine magnetic field.  The recoil-free fraction (f) is also another factor that 
plays the important role in Mössbauer spectrometry. 
 
• Isomer shift (δ)   
Isomer shift is the shift in energy caused by the transition of electron in s-electron. 
It is the direct measure of electron density at the nucleus. Isomer shift (IS) arises due to 
alterations in the electrostatic response between the non-zero probability s- orbital 
electrons and the non-zero volume nucleus orbiting around it. The whole spectrum is 
shifted towards –ve direction or towards +ve direction depending upon the value of 
isomer shift. It was found that the 3d electrons are responsible to partly screen the nuclear 
charge from the 4s electrons so the increasing number of 3d electrons reduces the s-
electron density at 57Fe nucleus causing more positive shift [46].  
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• Electric quadrupole splitting  
The symmetry of the nucleus depends on its spin which differs for the ground and 
excited states of the nucleus. In the electric field gradient there will be different 
alignments of the electric quadrupole moment of the nucleus for different interaction 
energies. Thus it is the measure of non-spherical nuclear charge distribution which is 
caused by the nuclei state having an angular momentum quantum number I > 1/2. In the 
case of an isotope with a    I = 3/2 excited state, such as 57Fe or 119Sn, the 3/2 to 1/2 
transition is split into two substates  mI  =  ±1/2 and mI  =  ±3/2 causing  two specific 
peaks in a spectrum called  'doublet'. Thus the Quadrupole splitting is measured as the 
separation between these two peaks which gives the nature of electric field at the nucleus. 
Fig. 3.3 explains more about quadrupole splitting.   
 
 
Fig. 3.3. Isomer shift and quadrupole splitting of the nuclear energy levels and 




• Hyperfine magnetic field splitting  
The spin can be oriented with different projection along a magnetic field, and hence 
the energies of nuclear transitions are therefore different and should be modified when 
the nucleus is in magnetic field. They are sometimes called “nuclear Zeeman effect.” 
Thus the hyperfine magnetic fields causes the degeneracies of the spin states of the 
nucleus arises because of the different transitions in the Mössbauer spectrum as shown in 
Fig. 3.4. There are only six transition from I = ±1/2 to I = ±3/2 subjected to the selection 
rule and causes sextet spectrum which is very close to the magnetic field experienced by 




Fig. 3.4. Magnetic splitting of the nuclear energy levels and the corresponding 




CHAPTER 4  
RESULT AND DISCUSSION 
 
4.1 Structural analysis of Dy2Fe17-xZrx  
The structural properties of Dy2Fe17-xZrx (x = 0.00, 0.25, 0.50, 0.75, 1.00) were 
investigated using powder x-ray diffraction experiment using Cu-Kα radiation. Fig. 4.1 
shows that the XRD pattern of Dy2Fe17-xZrx intermetallic as a function of Zr content. The 
XRD result shows that the samples have Th2Ni17 structure (hexagonal, space group, 
P63/mmc).  
 





















The XRD patterns also show that the peaks shift towards lower diffraction angles 
indicating the unit cell volume expansion upon Zr substitution. The samples are in single 
phase up to x = 0.5. At higher concentrations of Zr (x > 0.5) the XRD patterns show the 
presence of secondary paramagnetic phase of DyFe3 [47, 48, 49]. 
The XRD data was analyzed using Rietveld refinement. Rietveld refinement is a 
technique to refine crystal structure and perform quantitative phase analysis. It was 
discovered by Rietveld in 1969 A.D. It is based on the least square fitting between step-
scan data of measured diffraction pattern and simulated x-ray diffraction pattern. One can 
obtain lattice parameter, scale factor, peak profile, particle size etc. using Rietveld 
analysis [44]. The Rietveld refinement of raw data was performed using Th2Ni17 structure 
with four in-equivalent 4f, 6g, 12j and 12k Fe sites, and two 2b and 2d sites for Dy by 
Rietveld refinement by assuming ionic radii fo Zr, Fe, Dy as 0.84(3) Å, 0.55(3) Å and  












































Fig. 4.2 b. Rietveld refinement profile for Dy2Fe16.75Zr0.25. 
 
 
Fig. 4.2 c. Rietveld refinement profile for Dy2Fe16.5Zr0.5. 
 
 
















































































Fig. 4.2 .e . Rietveld refinement profile for Dy2Fe16Zr1. 
 
Lattice parameters of Dy2Fe17-xZrx 
 In substituted R2Fe17 compounds, the lattice parameters ‘a’ and ‘c’ and the unit 
cell volume (V) vary differently for different substituents for Fe. The trend of lattice 
parameters and unit cell volume expansion in the previous studies Ce2Fe17-xGax [37], 
Tb2Fe17-xGax [50], and Dy2Fe17-xGax [27] shows that the unit cell volume expands with 
the Ga substitution. Similar unit cell volume expansion have been observed in other non-
magnetic atom doped compounds such as Nd2Fe17-xAlx [25], R2Fe17-x (A, T) x {A= Al, Si, 
Ga; T= Transition metal} [10]. The lattice parameters ‘a’and ‘c’ along with unit cell 
volume of Dy2Fe17-xZrx derived from Rietveld refinement are plotted as a function of Zr 
content are shown in Fig 4.3  and lattice parameters values are listed in Table 4.1. From 
Fig. 4.3, it is observed that the lattice parameters ‘a’ increases at the rate of 0.0716 Å/Zr-
atom and ‘c’ increases at the rate of 0.0436 Å/Zr-atoms. The corresponding increase in 
the unit cell volume is 8.2084 Å3/Zr-atoms. The increase in the unit cell volume is 






























Table 4.1. Lattice parameters and unit cell volume of Dy2Fe17-xZrx obtained from 
Rietveld refinements of XRD data. 
Dy2Fe17-xZrx 
x a (Å) c (Å) V (Å3) Robs(%) wRobs(%) Rp(%) wRp(%) 
0.00 8.45541(11) 8.29036(4) 513.303(18) 4.17 5.95 10.65 14.49 
0.25 8.46147(19) 8.29361(13) 515.456(21) 3.13 4.16 12.32 15.43 
0.50 8.46963(16) 8.30442(12) 516.913(16) 4.16 4.33 11.91 17.21 
0.75 8.4749(14) 8.30836(11) 517.725(21) 4.52 5.11 9.32 10.12 



















   
   
   
   
   




   
   
   
   
   
   
   
   
   
   
   
   
   
   
   
   
   
   
   
   








Site occupancy of Dy2Fe17-xZrx   
 From the XRD pattern it is found that Dy2Fe17-xZrx compounds are hexagonal in 
structure. The hexagonal compounds possess four 4f, 6g, 12j and 12k Fe sites. Previous 
studies on a wide variety of rare-earth-transition metal intermetallic have shown that the 
preferred occupancy of the transition metal is independent of the rare earth sites. It is 
observed from Rietveld refinement of the powder sample for Dy2Fe17-xZrx that  Zr 
occupies the transition metal sites namely 4f, 6g, 12j and 12k. The percentage site 
occupancy of Zr is plotted in Fig. 4.4 and is listed in Table 4.2. From Fig. 4.4 it is 
noticed that Zr preferentially occupy 12j and 12k Fe sites. It is observed that the site 
occupancy increases with the increase in Zr content. The pattern of replacement of iron 
by zirconium is similar to that observed with Ga substitution such as, Tb2Fe17-xGax [51] 
and R2Fe17-x(A,T)x (A= Al, Si, Ga; T = transition metal) [10]. This substitution pattern is 
observed to be different than Al and Si substitution where Al preferentially occupy 18f 
and 18h sites in Th2Zn17 structure in R2Fe17-xAlxC and Nd2Fe17-x-zAlxSiz [52, 50] 
 
 
Table 4.2. The site occupancy table for Dy2Fe17-xZrx 
Site occupancy for Dy2Fe17-xZrx (%) 
x Fe(4f) Fe(6g) Fe(12j) Fe(12k) Zr(4f) Zr(6g) Zr(12j) Zr(12k) 
0.00 16.9(59) 24.3(6) 49.5(95) 50.9(31)     
0.25 16.5(2) 24.1(7) 52.0(1) 48.0(4) 0.04(3) 0.52(6) 0.74(1) 0.68(13) 
0.50 15.7(1) 24.3(4) 48.5(12) 47.5(7) 0.47(14) 1.32(15) 1.41(3) 2.11(17) 
0.75 15.9(2) 23.9(5) 47.7(1) 47.1(17) 0.73(8) 1.40(3) 2.20(6) 2.20(15) 






Fig. 4.4 . The percentage occupancy of Fe and Zr at iron sites in Dy2Fe17-xZrx as a 
function of Zr content. 
 
Bond length of Dy2Fe17-xZrx  
 It is usually believed that the exchange interaction between Fe pairs are negative 
with   Fe-Fe interatomic distances less than 2.45 Å, and positive with interatomic 
distances greater than 2.45 Å. The bond lengths between Fe-Fe sites as a function of Zr 
substitution in Dy2Fe17-xZrx are tabulated in Table 4.3. It is seen from Fig. 4.5 that there 
is an overall increase in Fe-Fe bond length with Zr substitution. However, maximum 
change in Fe-Fe bond length is observed to occur for 6g-12j, 6g-12k and 12j-12j sites. 





























Table 4.3.  Bond length for Dy2Fe17-xZrx 
 
Bond length for Dy2Fe17-xZrx(Å) 
x 4f-4f 6g-12j 6g-12k 12j-12j 12k-12k 
0.00 2.406 2.418 2.443 2.425 2.440 
0.25 2.407 2.495 2.630 2.552 2.449 
0.50 2.412 2.542 2.669 2.560 2.458 
0.75 2.427 2.801 2.693 2.572 2.464 





Fig. 4.5. Dependence of bond lengths on x of Dy2Fe17-xZrx. 
4.2 Structural analysis of Dy2Fe16Ga1-xZrx 
The structural properties of the Dy2Fe16Ga1-xZrx (x = 0.00, 0.25, 0.50, 0.75, 1.00) 























Dy2Fe16Ga1-xZrx are shown in Fig. 4.6.The XRD patterns show that the samples are in the 
hexagonal Th2Ni17 structure with the space group P63/mmc.  
 
 
Fig. 4.6 . X-ray diffraction patterns of Dy2Fe16Ga1-xZrx compounds. 
 
 The XRD pattern show that the samples are in the single phase up to 0.25. At x ˃ 
0.25 emergence of a paramagnetic DyFe3 phase was observed. The XRD data were fitted 
using Rietveld analysis considering Th2Ni17 structure with four in-equivalent 4f, 6g, 12j 
and 12k sites.  The ionic radii for Zr, Fe, Dy and Ga are 0.84(3) Å, 0.55(3) Å and 1.03(3) 
Å and 0.62(3) Å respectively considered for the Rietveld refinement. The fitted data is 
























Fig. 4.7 a.  Rietveld refinement profile for Dy2Fe16Ga1. 
 
Fig. 4.7 b . Rietveld refinement profile for Dy2Fe16Ga0.75Zr0.25. 
 
















































































Fig. 4.7 d. Rietveld refinement profile for Dy2Fe16Ga0.25Zr0.75. 
 
 
Fig. 4.7 e . Rietveld refinement profile for Dy2Fe16Zr1. 
 
 
Lattice parameters of Dy2Fe16Ga1-xZrx 
The lattice parameters ‘a ’and ‘c’ along with unit cell volume of Dy2Fe16Ga1-xZrx 
as a function of Zr content is plotted in Fig. 4.8 and tabulated in Table 4.4. The lattice 
parameters ‘a’, ‘c’ and unit cell volume of Dy2Fe16Ga1-xZrx were obtained from the 
Rietveld refinement. From Fig. 4.8,  it is observed that the lattice parameters ‘a’ increases 
at the rate of 0.0796 Å/Zr atom and ‘c’ increases at the rate of 0.0522 Å/Zr. The 





















































literature Nd2Fe17-x-yTixAly and Nd2Fe17-x-zAlxSiz [53, 50]. The increase in the unit cell 
volume is expected as the Zr atom radius (2.06 Å) is greater than the atomic radius of Ga 
(1.36Å). The observed value of unit cell expansion in Dy2Fe16Ga1-xZrx is higher than that 
observed for Dy2Fe17-xZrx. 
 
 








   
   
   
   
   
   
   
   
   
   
   
   
   
   
   
   




















Table 4.4. Lattice parameters and unit cell volume of Dy2Fe16Ga1-xZrx obtained from 
Rietveld refinements of XRD data. 
Dy2Fe16Ga1-xZrx 







0.00 8.46324(3) 8.29025(3) 514.013(26) 5.97 6.17 10.21 12.13 
0.25 8.46943(15) 8.28922(7) 514.265(28) 5.65 6.97 13.64 16.98 
0.50 8.48437(12) 8.29985(5) 517.221(23) 4.52 5.11 9.32 10.12 
0.75 8.51833(7) 8.32536(7) 519.498(13) 5.21 6.12 12.21 11.21 
1.00 8.53823(17) 8.33743(19) 522.429(13) 5.01 6.99 9.96 10.21 
 
Site occupancy of Dy2Fe16Ga1-xZrx 
 The site occupancy of Zr and Ga for Dy2Fe16Ga1-xZrx is plotted in Fig. 4.9 and 
listed in Table 4.5. As reported in the literature, Ga mostly occupies 12j and 12k sites 
[10, 43]. Rietveld analysis shows that Zr preferentially replaces Ga from 12j and 12k sites 
and shows minimum affinity for 4f and 6g sites. The rise in Zr occupancy and decrease in 
the Ga occupancy at 12j and 12k site shows that Zr is replacing Ga. 
 
Table 4.5. The site occupancy table for Dy2Fe16Ga1-xZrx 
Site occupancy for Dy2Fe16Ga1-xZrx (%) 
x Ga(4f) Ga(6g) Ga(12j) Ga(12k) Zr(4f) Zr(6g) Zr(12j) Zr(12k) 
0.00 0.86(21) 1.36(15) 3.57(16) 3.14(23) 0.00 0.00 0.00 0.00 
0.25 0.88(43) 1.13(43) 2.13(12) 2.16(11) 0.27(12) 0.38(14) 0.71(36) 0.72(41) 
0.50 0.49(31) 0.73(42) 1.47(13) 1.47(32) 0.49(41) 0.73(32) 1.43(32) 1.45(11) 
0.75 0.14(22) 0.37(62) 0.74(16) 0.73(31) 0.62(21) 1.51(21) 1.85(22) 1.92(13) 




Fig. 4.9. The percentage occupancy of Fe and Zr at Ga sites in Dy2Fe16Ga1-xZrx as a 
function of Zr content.  
 
Bond length of Dy2Fe16Ga1-xZrx  
 The bond lengths between Fe-Fe sites as a function of Zr substitution in 
Dy2Fe16Ga1-xZrx are shown in Fig. 4.10 and numerical values are listed in Table 4.6. It is 
seen from Fig. 4.10 that sites distances increases with Zr substation. This increase in the 
bond length between the Fe-Fe atoms is coming from the unit cell expansion. 
   
Table 4.6 . The Fe-Fe bond length for Dy2Fe16Ga1-xZrx 
 
Bond length for Dy2Fe16Ga1-xZrx(Å) 
x 4f-4f 6g-12j 6g-12k 12j-12j 12k-12k 
0.00 2.418 2.433 2.455 2.442 2.447 
0.25 2.423 2.443 2.469 2.443 2.447 
0.50 2.435 2.462 2.479 2.488 2.474 
0.75 2.437 2.466 2.483 2.499 2.478 































Fig. 4.10. Dependence of bond lengths on x of Dy2Fe16Ga1-xZrx.  
 
 
4.3 Magnetic properties of Dy2Fe17-xZrx and Dy2Fe16Ga1--xZrx 
The room temperature magnetic properties obtained from M vs. H measurement for 
Dy2Fe17-xZrx and Dy2Fe16Ga1-xZrx are plotted in Fig. 4.11 and Fig. 4.12 respectively. The 
room temperature magnetic parameters are listed in Table 4.7. The M vs. H plot show 
that the saturation magnetization (Ms) decreases with increase in the Zr substitution in 
both Dy2Fe17-xZrx and Dy2Fe16Ga1-xZrx. The decrease in saturation magnetization on 
Dy2Fe17-xZrx with increase in Zr content is attributed to the substitution of non-magnetic 
Zr atom for Fe atom. This decrease in the saturation magnetization is the result of dilution 
effect, i.e. replacing Fe atom (2.2 µB) with non-magnetic Zr atom. The net magnetization 
of R2Fe17 compound results from magnetic R atoms and Fe atoms. Replacing Fe atoms 
with non-magnetic atoms obviously reduces the net magnetic moments per unit cell. 
































[37], Sm2Fe17-xGax [34], Sm2Fe17-xCrx [54],  R2Fe17-xAlxC [52] compounds. From Fig. 
4.13 it is observed that the saturation magnetization of Dy2Fe17-xZrx is observed to 
decrease linearly at the rate of 10.99 emu/gm per Zr atom.  
 
 
Fig. 4.11. RT M vs. H plot of Dy2Fe17-xZrx. 
 
The saturation magnetization (Ms) of Dy2Fe16Ga1-xZrx as a function of Zr content 
is shown in Fig. 4.12, and the numerical values are listed in Table 4.7. From Fig. 4.13, it 
is observed that the decrease in magnetization is at the rate of 9.244 emu/gm per Zr atom. 
This result is interesting because the saturation magnetization is reducing with Zr 
addition in spite of no change in number of Fe atoms. Thus, the observed reduction in 
saturation magnetization may not result from the dilution effect as observed in Dy2Fe17-





























positive effect on the magnetic moment caused by the optimum of bond length over 
negative effect caused by the magnetic dilution of non-magnetic substituents. This result 
is in agreement with the Nd2Fe17-x-yTixAly [53] and Nd2Fe17-x-zAlxSiz [50].  
 
 
Fig. 4.12 . RT M vs. H plot of Dy2Fe16Ga1-xZrx. 
 
Table 4.7.  Ms and Tc of Dy2Fe17-xZrx and Dy2Fe16Ga1-xZrx. 
x 
Dy2Fe17-xZrx Dy2Fe16Ga1-xZrx 
Ms(emu/gm) Tc (K) Ms(emu/gm) Tc (K) 
0.00 62.94 408.0 61.58 488.0 
0.25 60.78 456.0 60.48 500.1 
0.50 58.57 503.9 57.25 505.1 
0.75 55.04 510.0 56.39 502.5 































Fig. 4.13 .  Ms vs. x plot for Dy2Fe17-xZrx and Dy2Fe16Ga1-xZrx as a function of Zr 
content.  
 
The Curie temperature Tc of Dy2Fe17-xZrx as a function of the content of Zr 
content is shown in Fig. 4.14. It is observed that the Curie temperature in the initial Zr 
concentration increases rapidly from 408 K (x = 0.00) to a maximum of   510 K (x = 
0.75) and then decreases to 425 K (x = 1.00). This achieved Curie temperature of 
Dy2Fe16.25Zr0.75 is 102 K higher than that of Dy2Fe17. As discussed in Table 4.3 and 
Table 4.6, the bond length increases with the increase in the Zr content. The increase in 
Tc is mainly due to the increase in strength of the Fe-Fe exchange coupling that occurs 




























Fig. 4.14. RT Tc plot for Dy2Fe17-xZrx and Dy2Fe16Ga1-xZrx as a function of Zr content. 
 
The Curie temperature Tc of Dy2Fe16Ga1--xZrx as a function of Zr content is 
shown in the Fig. 4.14. It is observed that the Curie temperature increases slowly from 
488 K (x = 0.00) to maximum of 505.1 K (x = 0.50) and then decreases to 425 K (x = 
1.00). Thus achieved Tc of Dy2Fe16Ga0.5Zr0.5 (505.1 K) is 17.1 K greater than that of 
Dy2Fe16Ga1 and 97 K higher than the Dy2Fe17. Thus it is observed the double substitution 
of Zr and Ga does slow enhancement in Tc over the single substation.  
  In general the Curie temperature in rare earth intermetallic is due to three kinds of 
exchange interactions namely the 3d-3d exchange interactions, i.e. between the magnetic 
moment of the Fe sub-lattice (JFeFe), 4f-4f exchange interaction, i.e. the interaction 

















4f exchange interaction (JRFe). It is found in the literature that the Curie temperature (Tc) 
increases with the increase in the JFeFe [10]. Thus the increase or decrease in Tc in the 
Dy2Fe17-xZrx and Dy2Fe16Ga1-xZrx may be due to the increase or decrease in the 
interaction parameter JFeFe. The interactions between the rare earth spins (4f-4f) are 
assumed to be weak and negligible in comparison with the other two types of 
interactions. The low curie temperature of R2Fe17 compounds primarily due to the very 
short Fe-Fe interatomic distance at the dumbbell sites (4f or 6g) where the Fe atoms 
couple antiferomagnetically [55].  In the compounds with hexagonal structure the Fe(4f)- 
Fe(4f) interactions are strongly negative whereas the Fe(6g)- Fe(12j) , Fe(6g)-Fe(12k) and 
Fe(12k)-Fe(12k) interactions are weakly negatives.  
 
4.4 Mössbauer Studies   
Mössbauer studies of Dy2Fe17-xZrx 
 The Mössbauer spectra of Dy2Fe17-xZrx (x=0.00, 0.25, 0.50, 0.75, 1.00) are 
plotted in Fig. 4.16. The resulting spectra were fitted using WMOSS program. Since the 
Dy2Fe17 compounds have a basal magnetization, either seven or eight magnetic sextets 
are required to fit their Mössbauer spectra [56]. So, the fits shown in Fig. 4.16 have been 
carried out with eight magnetic sextets assigned to 4f, 6g, 12j, and 12k sites in Dy2Fe17. 
Doublets were used for additional phases for some samples having paramagnetic phase 
during Mössbauer fitting. The spectra agree well with those reported by Bara et.al. [29].  
The hyperfine parameters resulting from these fits at room temperature are tabled 
in Table 4.8. The hyperfine field (Bhf) decreases with increasing Zr concentration. The 
hyperfine field values of Dy2Fe17 are similar to Dy2Fe17 of Dy2Fe17Hx [56].  This 
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decrease in the hyperfine fields results from the decrease in magnetic moments of iron in 
Dy2Fe17-xZrx. It was found that percentage area occupied by the formation of DyFe3 phase 
is increasing and for x = 1 it was observed 9.23%. This observation supports the 
formation of additional paramagnetic phase DyFe3 as seen in XRD (Fig. 4.1). 
On an average, the isomer shifts (IS) of all sites increases with the increase in Zr content. 
The increase in the isomer shift (IS) could be related to the volume expansion resulting 
from the Zr substitution for Fe. The volume expansion lowers the s-electron density at the 
Fe nuclei which leads to an increase in isomer shift (IS). At higher Zr content (x = 1) 
decrease in isomer shift (IS) was observed. This decrease in the isomer shift may result 
from the combine effect of volume expansion and increase the in electron density.  
 











































Table 4.8. Mössbauer spectral hyperfine parameters for Dy2Fe17-xZrx. 
 
         x    4f    4e   6g4 6g2    12j8 12j4      12k8 12k4 Doublet 
HF 
(kOe) 
0.00 261.0 248.0 217.0 202.4 245.6 189.0 199.7 203.7 
 
0.25 260.2 248.5 215.3 200.3 245.0 187.0 197.9 200.4 
 
0.50 261.1 247.1 214.9 198.6 245.8 184.0 198.7 201.9 
 
0.75 258.4 248.7 216.6 200.0 245.0 186.0 198.0 199.9 35.2 
1.00 262.1 249.0 236.5 200.5 245.3 176.0 218.1 181.3 34.0 
IS 
(mm/sec) 
0.00 -0.114 -0.228 -0.333 -0.33 -0.326 -0.33 -0.39 -0.39 
 
0.25 -0.096 -0.234 -0.341 -0.34 -0.331 -0.33 -0.39 -0.39 
 
0.50 -0.088 -0.028 -0.109 -0.11 -0.111 -0.11 -0.34 -0.34 
 
0.75 -0.092 0.124 -0.135 -0.14 -0.091 -0.09 -0.39 -0.39 -0.035 
1.00 -0.27 0.158 -0.12 -0.12 0.059 0.06 -0.37 -0.37 0.056 
QS 
(mm/sec) 
0.00 0.152 0.191 0.152 0.303 -0.295 0.4 0.083 -0.58 
 
0.25 0.152 0.16 0.128 0.296 -0.291 0.4 -0.03 -0.58 
 
0.50 0.119 0.163 0.175 0.289 -0.276 0.4 0.121 -0.5 
 
0.75 0.178 0.301 0.157 0.335 -0.199 0.4 -0.03 -0.58 -0.58 
1.00 0.123 0.25 -0.048 0.155 -0.25 0.35 0.042 -0.58 -0.39 
 0.00 4.0 1.9 15.3 17.5 4.3 19.5 10.9 13.1  
Area 
(%) 
0.25 5.5 8.2 17.7 17.4 6.3 16.0 10.4 13.3 
 
0.50 6.2 6.7 21.9 17.3 6.0 11..7 9.60 15.1 
 
0.75 5.2 4.0 18.0 19.0 7.6 10.0 14.2 13.5 9.14 






Fig. 4.16. RT fitted Mössbauer spectra of  Dy2Fe17-xZrx. 
 
Dy2Fe16Zr1
















Mössbauer studies of Dy2Fe16Ga1-xZrx 
The Mössbauer spectra of Dy2Fe16Ga1-xZrx (x = 0.00, 0.25, 0.50, 0.75, 1.00) are 
obtained with Cobalt-57 source and were calibrated at room temperature with α-iron foil. 
The resulting spectra have been fitted using WMOSS program using sextet and are 
shown in Fig. 4.18 as a function of Zr content. The hyperfine parameters are obtained by 
fitting and are shown in Fig. 4.17. Eight magnetic sextets were assigned to the 4f, 6g, 12j, 
and 12k during fitting. Doublets are used for additional phases in some samples during 
Mössbauer analysis.  
  The hyperfine field resulting from these fit at room temperature were found to be 
decreasing with increasing Zr concentration. The decrease in hyperfine fields on 
Dy2Fe16Ga1-xZrx is attributed due to the decrease in magnetization because of the 
competition between positive effect on magnetic moments due to bond length and the 
negative effect caused by magnetic dilution of substituted non-magnetic atom.  
The average isomer shift (IS) of all sites increases with increasing Zr content except 12k 
site. The increase in the isomer shift (IS) could be related to the volume expansion 
resulting from the Zr substitution for Ga. The volume expansion lowers the electron 














Table 4.9 . The RT hyperfine parameters, HF (kOe), IS (mm/sec), QS (mm/sec) and area 
(%) of the Dy2Fe16Ga1-xZrx. 
 
  
x 4f 4e 6g4 6g2 12j8 12j4 12k8 12k4 Doublet 
HF 
(kOe)  
0.00 278.7 249.7 230.2 214.9 260.0 218.2 196.5 220.0 
 
0.25 282.9 249.9 224.5 204.0 288.1 164.8 220.3 195.3 
 
0.50 267.6 267.9 229.0 204.0 254.2 123.4 226.8 185.3 34.1 
0.75 266.7 243.7 238.1 199.4 248.6 120.7 219.2 178.3 33.4 
1.00 262.1 248.9 236.5 200.4 245.3 122.0 218.1 181.3 34.0 
IS 
(mm/sec) 
0.00 -0.126 -0.301 -0.309 -0.309 -0.422 -0.422 -0.254 -0.254 
 
0.25 -0.257 -0.335 -0.356 -0.356 0.215 0.215 -0.301 -0.301 
 0.50 -0.227 -0.509 -0.367 -0.367 0.068 0.068 -0.327 -0.327 0.0023 
0.75 -0.252 0.145 -0.370 -0.370 0.041 0.041 -0.373 -0.373 0.0502 
1.00 -0.270 0.158 -0.378 -0.378 0.058 0.058 -0.370 -0.370 0.0557 
QD 
(mm/sec) 
0.00 0.158 0.0107 0.133 0.259 -0.418 -0.48 0.259 -0.58 
 
0.25 0.084 -0.102 -0.093 -0.568 0.500 -0.477 0.284 0.178 
 0.50 -0.069 -0.700 -0.196 0.201 0.500 -0.134 0.249 0.118 -0.562 
0.75 -0.029 -0.600 -0.102 0.156 0.500 -0.214 0.057 0.079 -0.444 
1.00 -0.181 -0.600 -0.049 0.155 0.39 -0.142 0.042 0.136 -0.388 
Area(%) 
0.00 13.7 15.9 20 21.0 10.5 5.50 11.9 3.90 
 
0.25 5.20 16.7 18.8 4.62 5.50 2.60 19.0 20.2 
 
0.50 10.4 7.80 20.7 24.0 6.17 4.50 22.1 14.1 1.08 
0.75 6.70 3.00 28.2 4.30 3.00 26.8 12.0 14.4 1.60 

















































Fig. 4.18. RT fitted Mössbauer spectra of  Dy2Fe16Ga1-xZrx.  


















4.5 Comparative study of Dy2Fe17-xZrx and Dy2Fe16Ga1-xZrx 
It is found from the structural analysis that both sets of intermetallic compounds are 
hexagonal in shape with the same space group. In the Dy2Fe17-xZrx for higher Zr 
concentration beyond x = 0.75, the extra secondary paramagnetic phase DyFe3 phase is 
formed but in the Dy2Fe16Ga1-xZrx the paramagnetic phase DyFe3 phase appears for         
x = 0.5 and for other higher concentration. The site occupancy study of Dy2Fe17-xZrx   
shows that the Zr atom occupies all the 4f, 6g, 12j and 12k Fe site. It is seen from the 
study of the site occupancy table that the 12j and 12k skits are mostly affected with the Zr 
substitution. The c axis parameters are found to increase slowly on Dy2Fe17-xZrx as 
compared to the Dy2Fe16Ga1-xZrx.  
Magnetization study shows that the decrease in magnetization (Ms) is at the rate of 
10.99 emu/gm per Zr atom for Dy2Fe17-xZrx and   9.244 emu/gm per Zr atom for 
Dy2Fe16Ga1-xZrx. The dropdown of magnetization on Dy2Fe17-xZrx may be due to the 
reduction of magnetic moment of iron by Zr atoms.  
The Curie temperature improvement on Dy2Fe17-xZrx is found better on Dy2Fe16Ga1-
xZrx. The maximum Curie temperature observed was 510 K on Dy2Fe16.25Zr0.75 and   
505.1 K on    Dy2Fe16Ga0.5Zr0.5. The rapid increase in bond length and isomer shift 
coming from the unit cell volume expansion helps increase in the Curie temperature of 






4.6 Structural analysis of Gd2Fe16Ga0.5TM0.5 
 The substitution effect of transition metals TM = Cr, Mn, Co, Ni, Cu, Zn on the 
Gd2Fe16Ga1 is observed and structural analysis is done using XRD with Cu-Kα radiation. 
Fig. 4.19 shows that the XRD patterns of Gd2Fe16Ga0.5TM0.5 (TM = Cr, Mn, Co, Ni, Cu, 
Zn). The XRD result shows that the samples have Th2Ni17 structure (hexagonal, space 
group, P63/mmc).   
 
 
























The samples are in single phase for TM = Cr, Mn, Co, Zn but for TM = Ni, Cu 
additional iron peak was observed. This shows that the iron is not fully replaced during 
the formation of the intermetallic compounds with these transition metals. The lattice 
parameters viz. ‘a’ and ‘c’ of the intermetallic were calculated by using the formula 
 
 
where, d(hkl) is the crystal face distance and (hkl) are the Miller indices. During the 
calculation for lattice parameters ‘a’ and ‘c’ D (300) and D (302) peaks from XRD 
pattern were considered. 
The volume of the unit cell ‘V’ was obtained by using the formula, 
                                              V= a2c sin60º   
The calculated values of ‘a’, ‘c’ and unit cell volume are listed in Table 4.10 and 
plotted in Fig. 4.20. It is observed that the metallic radius of Cr = 128 pm, Mn = 127 pm, 
Fe = 126 pm, Co = 125 pm, Ni = 124 pm, Cu = 128 pm, Zn = 134 pm and Ga = 135 pm. 
This could be the reason of fluctuation in volume with the different transition metal 
doped intermetallic, though they were expected to be increased in volume with the 
increase in their atomic number. The maximum volume was observed for 
Gd2Fe16Ga0.5Cu0.5 (524.289 Å











































   
   
   
   
   
   
   
   
   





















Gd2Fe17 Cr Mn NiCo Cu Zn Gd2Fe16Ga1
62 
 
Table 4.10. Unit cell volume, Ms, Tc of Gd2Fe16Ga0.5TM0.5. 
a (Å) c (Å) Volume (Å3) Ms(emu/gm) Tc (K) 
Gd2Fe17 8.47402 8.38241 521.289 67.00 513  
TM = Cr 8.49782 8.35411 522.451 59.78 571 
TM = Mn 8.5184 8.32596 523.215 56.75 526 
TM = Co 8.53375 8.28326 522.409 68.61 587 
TM = Ni 8.52599 8.29021 521.897 72.61 557 
TM = Cu 8.48882 8.4013 524.289 76.79 570 
TM = Zn 8.53198 8.28992 522.613 59.04 537 
Gd2Fe16Ga1 8.51767 8.35962 525.241 67.49 559 
 
 
4.7 Magnetic properties of Gd2Fe16Ga0.5TM0.5  
The room temperature magnetic parameters obtained from M vs. H measurement 
for Gd2Fe16Ga0.5TM0.5 (TM= Cr, Mn, Co, Ni, Cu, Zn) are plotted in Fig. 4.21 and are 
listed in Table 4.10. The variation in saturation magnetization (Ms) and Curie 
temperature (Tc) of Gd2Fe16Ga0.5TM0.5 were observed. As shown in Fig. 4.22, the 
observed variation in magnetization of Gd2Fe16Ga0.5TM0.5 with TM substitution may be 
based on 3d-3d band hybridization effect. The extent of 3d-3d hybridization raises or 
lowers the bands width, which eventually changes the magnetic moment of Fe atoms 
[Huang et al (1994) and Huang et al (1996)]. The electronic conFig.uration of Cr 
([Ar]4s13d5, Mn [Ar]4s23d5, Fe [Ar]4s23d6, Co [Ar]4s
23d7,  Ni [Ar]4s
23d8,  Cu [Ar]4s
13d10  
and   Zn [Ar]4s
23d10). Thus, it is seen that 3d electrons in Cr, Mn is less than that of  Fe 
which lowers the magnetization while 3d electrons of  Co, Ni and Cu are more greater 
than 3d electrons of Fe which increases the magnetization of Fe upon hybridization. In 
the case of completely filled 3d band such as Zn reduces the magnetization. The lower 
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magnetization value observed for Mn doped compound may result from the tendency of 
Mn to couple antiferromagneticaly with Fe atoms.  
 
 
Fig. 4.21 . RT M vs. H plot of Gd2Fe16Ga0.5TM0.5. 
 
The variation of Curie temperature with the different transition metal dopping is 
as reported in Table 4.10. It is found that the Curie temperature (Tc) is greater than the 
Curie temperatue for Gd2Fe16Ga1for TM = Cu, Co, and Cr and less than Gd2Fe16Ga1 for 
TM = Mn, Ni, Zn but still all samples show Tc values are greater than the Curie 
temperature of Gd2Fe17.The Tc and Ms plot is reported in Fig. 4.22. The increase in Curie 
temperature may be due to the lattice parameter expanssion as well as the increase in Fe-
































Fig. 4.22.  Ms and Tc plot for Gd2Fe16Ga0.5TM0.5. 
4.8 Mössbauer studies  
Mössbauer spectra of Gd2Fe16Ga0.5TM0.5 (TM = Cr, Mn, Co, Ni, Cu, Zn) with 
Cobalt-57 source and were calibrated at room temperature with α-iron foil. The resulting 
spectra were fitted using WMOSS program using sextet and are shown in Fig. 4.23 and 
Fig. 4.24 as function of TM (Cr, Mn, Co, Ni, Cu, Zn). The weighted average hyperfine 







































































It was observed that the weighted hyperfine field decreases for TM = Cr and Mn. 
For TM = Co, and Ni the hyperfine fields increases because of the increase in magnetic 
moment due to doping. Similarly, the weighted average hyperfine field increases for Zn 
because of the decrease in magnetic moment upon substitution. The average hyperfine 
field decreases or increases with increase in the atomic number of transition metal doping 
and follow patterns 4f > 12j >  6g > 12k  as stated in the literature R2Fe17-xVx (R = Y, Gd) 
[57].  
 
Fig. 4.25 . Weighted average HF and IS Gd2Fe16Ga0.5TM0.5. 
 
Fig. 4.25 shows the weighted average isomer shift (IS) as a function of TM 
doping. The variation in isomer shift with TM doping may arise from combined effect of 
(i) volume change (ii) change in net electron density with TM doping (iii) screening of s-
electron with ‘d’ electrons of Co [Ar]4s23d7,  Ni [Ar]4s
23d8,  Cu [Ar]4s
13d10  due to higher 





























Fe (3d) increases the screening of ‘s’ electrons and hence is expected to show the  





















CHAPTER 5  
CONCLUSION 
Single phase intermetallic compounds of Dy2Fe17-xZrx, Dy2Fe16Ga1-xZrx and 
Gd2Fe16Ga0.5TM0.5 (TM = Cr, Mn, Co, Ni, Cu, Zn) were successfully prepared via arc 
melting. The structural and magnetic properties were studied using x-ray diffractometer 
(XRD) and vibrating sample magnetometer (VSM), and hyperfine parameters were 
studied using Mössbauer spectrometer (MS). 
From structural analysis, it was found that Dy2Fe17-xZrx compounds formed single 
phase up to x = 0.50 and became diluted and formed a paramagnetic secondary phase 
DyFe3 for  x ≥ 0.75. In the case of Dy2Fe16Ga1-xZrx, the compounds formed the 
paramagnetic secondary phase DyFe3 for x ≥ 0.50. The presence of secondary phase was 
also confirmed using Mössbauer spectroscopy. About 9% of secondary phase was 
detected in sample with x = 1.00 for both set of compounds.  From the Rietveld 
refinement of Dy2Fe17-xZrx and Dy2Fe16Ga1-xZrx, it was observed that Zr atoms 
preferentially occupy 12j and 12k sites of Fe. The unit cell volume of the intermetallic 
compounds show increase with the increase in the Zr concentration for both compounds.  
The magnetic studies show that the magnetization of the both Dy2Fe17-xZrx and 
Dy2Fe16Ga1-xZrx decreases with the increase in Zr concentration. The decrease in 
magnetization was attributed to the competition between magnetic dilution effect and Fe-
Fe exchange interaction. The maximum Curie temperature was observed for Dy2Fe17-xZrx 
~510 K and for Dy2Fe16Ga1-xZrx the maximum Tc was observed 505.1 K. This increase in 
the Curie temperature was attributed to enhancement in Fe-Fe positive interaction.  
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The hyperfine field value decreased with Zr doping for both Dy2Fe17-xZrx and 
Dy2Fe16Ga1-xZrx due to decrease in magnetic moment of Fe atoms upon substitution. The 
isomer shift (IS) showed an increase in nature due to an increase in volume expansion for 
both compounds.  
In the case of Gd2Fe16Ga0.5TM0.5 (TM = Cr, Mn, Co, Ni, Cu, Zn) it was observed 
from the XRD data that the intermetallic compounds were in single phase except for TM 
= Ni and Cu where secondary α-Fe phase were reported. The volume of unit cell for 
Gd2Fe16Ga0.5TM0.5 was observed to depend on the metallic radius of doped transition 
metal for TM = Cr, Mn, Co, Ni, Cu, Zn. In case of Gd2Fe16Ga0.5TM0.5 (TM = Cr, Mn, 
Zn), the magnetization was observed to be less than that of Gd2Fe17 but for TM = Co, Ni 
and Cu the magnetization was observed to be 2.4%, 7.5%, 13.4% greater than Gd2Fe17 
respectively. Likewise, the Tc of Co and Cu doped intermetallic showed 5% and 2% 
increment as compared to Gd2Fe16Ga1. The weighted average hyperfine fields (HF) of 
Gd2Fe16Ga0.5TM0.5   (TM = Cr, Mn, Co, Ni, Cu, Zn) were increased or decreased 
depending upon the type of TM metal. The weighted average HF and IS showed the 
dependence of these parameters with the type of doping TM atom. These changes are 
attributed to the 3d (Fe)-3d (TM) hybridization which affect the magnetic moment of Fe 
atom and alters the s-electron density of Fe nucleus.  
In summary, Zr doping proved beneficial in increasing Tc for Dy2Fe17-xZrx while 
detrimental for Dy2Fe16Ga1-xZrx. The study on TM metal doped compounds shows that 
the careful selection of TM dopants can bring improvement in magnetization and Tc of 
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